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VYrporeHHbIe pacdeTs! OanaHca CHII, KOTOPBIE OIPEIeNSioT OpOUTAIBHEIC AUCTAHIINU
CKaJIUCTBIX MIaHeT B Ayxe bekmana, bynnnannyca, [lskapta 1 HroToHa IpUBOIUT K TOTHYECKUM
pesynpTatam. KopoTko Gcykmaercss HCTOpus BOIpoca.

Draft calculation of balance of forces, which detere mean orbital distances of rocky planets
in the spirit of Beeckman, Bullialdus, DesCarted &lewton lead to logical results. Short history

of topic is discussed.
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Co BpeMEH aTak KOHTHHEHTAIBHBIX MaTeMaTukoB Ha Teoputo Hrorona (Nauenberg, 2015)
aCTPOHOMBI Ha BeKa MPAaKTUUECKH MTOJHOCTHIO TIOTEPSUTH Jap PeY B BOIIPOCE Pa3bsICHEHHUS
TIPUYWH BHYKCHUS TUIAHET 10 OpOUTaM.

Puc.1 Costneuynas cucrema. Bracooaprocms: Liam Burnett and Duncan Lloyd

YHuBepcabHbIl XapakTep 3akoHOB Keriepa ObLI TAKUM HAPKOTHYECKHM, YTO ACTPOHOMBI
JIETKO COBEPIIIIN OOJNBIITHE OMUOKH B JaTbHEHIIIEM:
1. OHM IPenNONOKNIN, YTO HIOTOHOBCKasi MoAn(UKanbia 3-To 3akoHa Kerurepa Toxe
YHUBEpCalbHa, 1 HE CMYIIAINCH, I10y4asi INIOTHOCTU HebecHbIX Ten Bpone 0.7,
2. OHU IIPEIONOXKUIIN, YTO HIOTOHOBCKas MoanGukanpsisl 3-ro 3akoHa Kemiepa B cuiie Taxoke
1Sl CUJILHO HAaKJIOHHBIX OpOMT,



3. OHM ITyTafOT TPABUTAIMIO C TPAaBUTOMAarHUTHBIMU M BUXPEBBIMH TIpoipccamu. CTpaHHOe
YpaBHEHUE

mv3/R = GmM/R?

TOBOPHT TOJBKO O TOM, UTO CYIIECTBYET CBSI3b MEXIY BPAIICHUEM IIEPBUYHOTO C
OpOUTaTBHEIM IBIKCHUEM BTOPHIHOTO HEOESCHOTO Tea.

4,

5.

oMz
OHH HE MOTYT OOBSICHUTh BOSHUKHOBEHHE (DOPMYIIBI re . MeiiHcTpum
TUIMYHO TTBITAETCS BRIBECTH (POPMYITY OT OpOUTATFHOTO JBIDKEHHMS, a HE OT MPUTSIKESHUS
IBYX cep*. MbICIH AUCCUACHTOB, HACKOJIBKO MHE M3BECTHO, B IIEJIOM HE JIyUIIle
(Unzicker, 2008; Wang, 2008; Khaidarov, 2004; Niki2015; Albers, 2015; Richter,
2015; McDowell, 2009; Droescher and Hauser, 2011),

OHH HCTIONB3YIOT “popmyny Hrortona” st mobsix macmrabos (Unzicker, 2007).

Paccyxxnast morngecky, 3aK0OH 00paTHOTO KBaJpaTa JJIs TPpaBUTAINK B 17-T0M Beke BpSI U
MOT OBITh ITOHST OT ACTPOHOMUYECKHUX HAOJIOACHUI WM OT HAOJIIOACHUH 3a MaafolUMH
kaMHsMU. [lenoyka paccyXIeHU BBIPUCOBBIBAETCS TPUMEPHO TaKas:

a)
b)

c)

d)

IPEICTABICHUE O LIEHTPAIBHOM cUile, KOTOpasi yMEHBIIAETCs COTJIaCHO KaKOMY- TO 3aKOHY,
npuxoauT ¢ [uapbepToM (IKCTIEPUMEHT ¢ MATHUTHO# CTPENKOil U KYCKOM Kene3a),
KOHIIIIT 3aKOHA 0OPATHOTO KBajIpata /sl TPaBUTAIlMU- CIIeKyJ s byimanayca (1645)
10 aHAJOTUH C 3aKOHOM YMEHBIICHHUS CHUIIBI CBETA C PACCTOSHHEM,
nocite pabotst [oiirenca ,,O pHTpOOEKHO# crne” (1659)3akon 06paTHOTO KBagpaTa
paccTosHus GbUT PYTHHHO BbIBEICH, KOMOMHHpYs hopmymy [roiirenca a=V/r s
IPHTpoOEXHOTO yeKopeHus u Tpernii 3akoH Kemepa,
pacuetsl I'yka B 1679rony manu 4To-TO Bpoe

[Boabmioe uncio)/R? = VR o uem Hroron 3nan (Gal, 2002)
nosToMy HIOTOH HHMKOTIa HE UCTIONB30Baj 3TO “ypaBHeHue". OH (HOPMAIEHO COSTUHHIT
rpaBUTaLMIO U 3aKOHBI Kemepa,
MIOTOM B HeOECHOH MeXaHHKe JOMHUHIPOBAIN MaTEMaTHKH, KOTOPbIE OTHOCHITHCH K
opOUTaM KaK K YUCTO MAaTEeMaTHYECKUM 3a]adam,

HenmasHo s mope oKt Moiels HebecHoi Mexanuku “msitu cut” (Puc.2):

Puc.2 Mogean HeGecHOI MexaHuku “nsTu cu,,. F1- Buxpesas (rpaBuromarnuthas), F2, F3
cuisl Eroro nonst (Mathis, 2008)F4- pamuainbhblii 5GGeKT PHTPATbHOTO BHXPS.
I'paBUTOMArHUTHAS CHJIa, KOTOPas JENAET COMHEYHYIO CUCTEMY IUIOCKYIO, HE TOKa3aHa.
MDOTOHHOE JaBJICHUE UTHOPUPYETCSL.



F1- cuna, koTOpyro KIIacCHKH 3aMETUITH TIEPBYIO.

F2 u F3- cuel Exunoro nons (Mathis, 2008)F3 snakoma kak , ipuivBHas”.

JUtst MaJTbIX TUCTAHIUN HEBO3MOXHO HCCIICA0BATh IPABUTALIMIO OTACIBHO, @ TOIBKO IOIYYHTh
B3auMozencTBUs BHyTpu Enunoro nons. Eciu cuutars THIMYHOro ropsdero KOnurepa u ero
3Be31y Kak npobiiemy nByx ten (Puc.3),

Puc.3 OpOuTa THIHYHOTO TOPSAYEro IOMHUTEPA.

TO €T0 Op6I/ITaJ'II>Ha${ AUCTAaHIUA B IyXC HroToHa MOXXET OnHChIBaCTCS YpaBHCHUEM

GMm/R? = BMm/R?®
B= GR

B konuenre Exunoro monst Benmunny G emé npeacrout yrounuts. C Apyroi CTOPOHBI, JUist
CHCTEM JBYX TeJl HEOONBUINX Pa3MepoB 0ojee MOAXOAUT MPONOPLHUL

0.5S*0.5s/R ~ const

(Alksnis, 2015)rme 0.5Su 0.5S cOOTBETCTBEHHO TIOJIOBHHA TIIONIAIH TOBEPXHOCTH ITEPBUYHOTO
¥ BTOPUIHOTO, R- paccTosHme MKy TETaMH.
B cBoro ouepe/ib, Crila HErPaBUTAIIMOHHOTO B3aMMOICHCTBHS MKy 3eMJIei U HCCKYCTBEHHBIM
CIYTHHKOM OblTa almpoKCHMHUPOBaHA KaK

G*D*M*m/R °
rae D- tnamerp cryTHuKA.

Jlist oT0ro anammsa Mbl 6yneM ucronssoats G=1, B= 3*10° (B B ciyuae IOnurepa u Vpana-
3*10%/ Mma/Me, rae M u Mc - MacChl COOTBETCTBEHHO TLUIAHETHI U Connia).

B, Tak ckasarh, MOIM(HUIBIPOBAHHOM JIPKAPTOBCKOW TMHAMUKE, NpHiuBHas cuita F3 moxer
OTTOJIKHYTb IIAHETY TOJbKO Ha mpuMepHo 0.05acTpOHOMHUYECKUX €AMHUI] OT 3BE3/IbI THITA
HeiHentHero Counna. 1)1 nony4eHns cTabMIbHBIX OPOUT HEOOXOMMa pagualibHas CHUjla BUXPS
F4, xoropas, kak o J[3kapTy, B MOel MOJIeJ U JEACTBYET HA MOJOBHHY MOBEPXHOCTH IIAHETHI.
Hcnonb3ys kak mpuMepbl B3aUMOJICHCTBUSA TSATh BUXperd COTHEUHON CUCTEMBI € UX
OJKaIIMMK CITYTHUKaMH, Mbl MOKEM MIPEJIBAPUTENBHO ITPOTICTUPOBATH MPOTIOPIIUIO

M*m= K*AM]*0.5 s

K=M*m/[AM]*0.5 s



riae M 1 M- COOTBETCTBEHHO MACChl IEPBUYHOTO U BTopuyHoro, [AM] - Mmoment ummyibca
nepBuyHOro, K- xoeddurmeHT, cBA3pIBAONIMI MOMEHT UMITYJIbCA MIEPBUYHOTO C PAIHATBHBIM
orrankuBanueM Buxps, 0.5S monoBuHa miomany moBepxHOCTH BTOpUYHOTo (Tabiuma 1.)

ITonoBuHa
IlepBuu | Macca, kr | MomeHT Bropuu- Macca, IO AN K
-HbII HMITYJIbCA | HbIH KT n(z)BerHOCTn,

M
Comunme | 1.99*10° |1.92*10" | Mepxypuii | 3.30*10° | 3.74*10° 9.1*10°
FOmurep | 1.90*1G7 | 6.83*10° | Mo 8.93*10° | 2.10*10° 2.3*10°
Carypu | 5.69*10° | 1.36*10° | Mumac 3.75*10° | 2.45*10" 6.4*10"
Vpan 8.68*10° | 2.29*10° | OGepon 3.01*10" | 3.64*10° 3.1*10°
Hentyn | 1.02*1G° [ 2.69*10° | IIporeyc 4.40*10° | 2.77*10" 6.0*10°

Taoauna 1. [IponopunoHaibHas KAJKYJISALIHUSA € IIaBHLIMU BUXpAMH CoOJIHEYHOI cHCTEMBI.
*- HCIIOJIB30BAJIM CPEIHION BEJIMYMHY COJHEUHOro MOMeHTa nmiyibcea (lorio, 2011).

Kak BuiHO U3 Iponopibii Tabiuis! 1., KOHIPIT JOrHYHbINA. MBI 1ake MOXKEM BUIETh, YTO
CarypH 1 HenTyH He siBIsieTcsi TOMOTCHHBIMH (IelicTBUE MX BUXpeil ciabee hopMabHBIX
pacuéros).

PaHee s IPEIONIONKIIL, YTO ISl OLIEHKHU CHIIBI COTHEYHOTO BUXPS (PaHaIbHOrO U TAHT€HTHOTO)
MOYHO HCIIOJIb30BATh BEJIMYHMHBI ,,MEKIUIAHETHOIO MArHUTHOTO 10JIs,,. Xabaposa (2013)mws
yOBIBaHHs CHJIbI, MEKIUIAHETHOIO MATHUTHOTO TIOJISL,, 0 PACCTOSIHUS 2.2 aCTPOHOMHIECKUX
enunnn ot Connua Hanwia Gpyaxiuo 3.8/ R (Puc.4).
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Puc.4. U3sMeHeHHne CHIIBI , MEKIJIAHETHOT0 MATHUTHOTO MOJIs,, C PACCTOSTHHEM OT
CoJunna. Xabapora (2013)

Br130B Ob11- He (hrtocodCcTBYS 0 MPHUPOIE TPABUTALNH U BUXPEH- TOKA3aTh, 9TO MBI MOJKEM
HOHSTH CHJIBI, KOTOPBIE OIIPEACIISIOT OPOUTHI IJIAHET M CIIyTHUKOB- AXKE, YUUTHIBAs BOZMOKHBIC
METOANYECKHE OINOKHY IIPH ONPEeICHHN Macc.




CTabuibHOCTB CpeiHeil OpOUTATIBHOM AUCTAHIINK MAJIO HAKIIOHHBIX OPOUT ONPEIeseTCsI
ypaBHEHHEM
F2=F3+F4

Pactudpys,

GMm/R? = BMm/R® + [AM]*K*0.5 $*3.8/ R*®
rae K- xoeduirenT, KOTOPBIii CBSI3BIBAET PaJHATbHOE OTTAIKHBAHUE BUXPSI C €TO MOMEHTOM
ummyibea, [AM]- MOMEHT umMmyibca MepBUYHOr0, S- MIIOMIA/b OBEPXHOCTH BTOPHUYHOTO, M,
R- opburanpHas AuCTaHIbBIA, M.
Tyt MBI HOAX0AMM K QyHIaMEHTAIbHOMY BOIIPOCY, KOTOPBIH YKE MOBCTPEYAIH KIIACCHKH-
rpaBUTalKs CBs3aHA ¢ Maccoit (KyOoM pajiyca) B TO BpeMs KakK JCHCTBHE BUXPS- C IUIOIIAIBIO
HOBEPXHOCTH (KBaJpaToM pajiyca)

m= 4/3**r *d
2
0.5S=2x'r
Kak mbI momHnM, y Jlokapra mraHeTa HaXOAUT CBOE MECTO B BUXPE B 3aBUCUMOCTH OT €€ 00béMa
U riouaau nosepxHoctu. [lonstue macerl npuxoaut ¢ Hrotonom, 1, no MueHuto Matuca, Macca
He sBIIsieTCS 0a3MCHON (hM3MUECKON BETHUHHOM.

CrnenoBaTenbHO MBI JOJDKHBI UCTIONIB30BATh PaInycC EPBOTO HAIIETO MpuMepa- Mepkypus v,
KaK KOe()HUITEeHT MPOTIOPIIHOHATIBHOCTH!

m/ 0.5S= 0.67*r/ ry
YupomieHHo:

GMm/R? = BMm/R® + [AM]*K*0.5A*3.8*0.67r/ r *R>*

Pacuer K 115t IiaHeT ¥ HEKOTOPBIX aCTEPOHIOB JAET CIIEAYIONIHME Pe3yibTaThl (Tabiumna 2).

B3anmo- boabmasi | Macca, Kr

JAelcTBUE M0JIyOCh, F2 F3 F4 K
MeKIy m

CoaHuem u

Mercury 5.79*10° | 3.3*10° 1.96 *10° | 5.88 *10" | 1.94* 10" *K | 7.1 *10°
Venus 1.07*10" | 4.87*10* | 8.39 *1G° | 2.34 *10" | 1.05*106°*K | 5.8 *10°
Earth-

Moon 1.47*10" | 6.04*1G* | 5.56 *1G? | 1.13 *10* | 9.98 * 16" *K | 5.4 *10°
system*

Mars 2.28*10" | 6.42*107 2.46 *10" | 3.23*10° | 5.31 *10°*K | 4.0 *10°
2 Pallas ** | 4.14*10" | 2.11*10° 2.45*10" | 1.8 *10™ | 8.46 *10°*K | 2.9 *10°
4 Vesta 4.33*10" | 2.59*1G° 2.75*10" | 1.9*10° | 8.40*10°*K | 3.2*10°
10 Hygiea | 4.70*10" | 8.67*10° |7.81*1G° | 5.0*10" |5.80*1G°*K | 1.3*10°

Tab6auua 2. Boodpa:kaembie CHIIBI HeOeCHOI MEXaHUKHU.
*- s cucteMbl 3eMiisi- JlyHa HCIIONB30BaNACh BETMIUHA TICPUT CITHS,
CHIDKEHA, IOCKOIBKO opOuTa Ilamiaasr HaKIoHEeHA.

**_ pemmunHa K




IMTomoGHBIC pe3ysbTaThl AAET BRIYUCIICHHS B psity ciyTHHKOB FOnurepa u Ypana (tabnuma 3.)

B3aumo- | Bounb- Macea, Tlos0-

jAedcTBHe | miast N BHHA F2 F3 F4 K

MeKIy I0JIyOCh, NOBEpXH

tOnu- n 0CTH,M>

TEpoOM M

Ho 4.21¥1F | 8.93*107 | 2.1*10° |9.5*10% | 6.3*10° | 2.62*10° | 7.1*10°
*K

Fauumen | 1.07*10 | 1.48*16° | 4.35*10° | 2.46*10” | 6.56*107 | 9.41*10" | 2.6*10°
*K

B3aumo-

aelicrBue

MeKIy

YpaHoMm U

Mupanaa | 1.29*10 | 6.59*10° | 3.5*10" | 3.44*10” | 3.5*10° | 4.35*10" | 7.9*10°
*K

O6epon | 5.83*1C0 | 3.01*1G" |3.6*10° | 7.7*10° | 1.7*10° | 7.86*10" | 9.8*10°
*K

Ta6smma 3. Boodpakaemble CHIIBI HeOeCHOI MeXaHHKH.

HecMmoTtps Ha 3HAUUTENBHBIE Pa3/INYUs B Maccax M IUIOMAAAX IOBEPXHOCTH HEOSCHBIX T U3
Tabmu 2. 1 3, pacyeT MOKa3bIBaeT, YTO MBI B COCTOSHUH MOHATH HEOECHYIO MaluHepuio. B
aJITepHaTUBHBIE PacYeTh MACC M IUTONIa e TOBEPXHOCTH aCTEPOHAOB OUEBHIHO HAJIO
UCTIOJIb30BATh TAKKE a’3poAnHaMudeckue npuonwkenus. Mccnenoanus s¢dexra Ananca Takke
MIOKA3aJI¥, 4TO MAsTHUK pearupyeT Ha Hoirdaca paHblle U Ha I0J19aca I03)Ke MOMEHTOB, KOTAa
nuck Jlynsl kacaercs mucka CoiTHIa- COOTBETCTBEHHO NMPHOINKASACH M yAATSISICh. TO ecTb,
HUMEIOT MECTO TI0JIeBbIE (D (HEKTHI.
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.Hooke's programme of "compounding the celestiadtions of the planetts of a direct motion by
the tangent & an attractive motion towards the reifiody” (p. 2) "occasioned my findings" (p.
17) on planetary motion, Newton admitted. "It ifidult to overstate the novelty of Hooke's
Programme." (p. ix) "For Kepler as well as Galiléaw, Descartes himself, as well as for
Grassendi and the Cartesians Mersenne and Huyfgetisat venerable departed genious Horrox
as well as for Newton's own favorite Borelli, theokcation of the planetary motions had always
included rotation [of the Sun-E.A.] as a primarysa." (p. 2; see pp. 24-29) The inverse square
relation between gravity and distance, howevers"megher common” (p. 9).

Isn't it strange then that the eventual prioritgpdite focussed on the inverse square law? Gal's




explanation is that "Newton seems to have had rmmte control over events," and chose this
focus to utilise "his advantage over Hooke whemgtrical demonstrations were concerned"”
(p. 18).

Hooke used the term "inflection" to describe thenpt's deviation from inertial motion. This is
the same term he had earlier used to describeetidiriy of light rays in the atmosphere: "This
inflection (if | may so call it) | imagine to be tiong else, but a multiplicate refraction, causgd b
the unequal density of the constituent parts ohtledium, whereby the motion ... of the Ray of
light is hindered from proceeding in a streighelirfp. 35). Indeed, the thinning of the air at high
altitudes is "clear enough evinc'd" from experinseityed at the tops and feet of Mountains" (p.
36), but there is "no Experiment yet known to prav&altus, or skipping from one degree of
rarity [of the atmosphere] to another much diffgrfrom it" (p. 34).

Hooke realised that planetary motion might be @rpldanalogously, "if the aether be somewhat
of the nature of air" (p. 37), Thus "if we suppat part of the medium, which is farthest from
the center, or sun, to be more dense outward,tb@nvhich is more near, it will follow, that the
direct motion will always be deflected inwards,thg easier yielding of the inward, and the
greater resistance of the outward part of the nmedi(pp. 36-37)

But Hooke immediately dismisses this theory owimdiprobabilities, that attend to this
supposition, which being nothing to my present pagpl shall omit" (p. 37; presumably the
moon's motion is one of the "improbabilities" inegtion). Therefore he discards the medium
aspect of the theory, but nevertheless retainfotites suggested by it: his goal thus being only to
"shew, that circular motion is compounded of aneendur by a direct motion by the tangent,

and of another endeavour tending to the centeiitwie "endeavour|[s] to explicate"
experimentally with the aid of a "pendulous body.'37), i.e. a conical pendulum.

When Hooke returned to the topic in 1674, his "quang" tone is his tentative 1666 paper "is
replaced by the brazen title 'a System of the Wofftd 83). "This new self-confidence" stems
from "a replacement for the pendulum in its techhas well as theoretical duties," namely the
spring (p. 84). "The prospects of constructing ‘edwas a viable theoretical device were therefore
much brighter" (p. 84). Or so Gal claims, and takés as a license to lunge into a long account
of Hooke's work on springs. But apparently Hookeememade any explicit connection between
his work on springs and celestial mechanics, sstlihterest at this point.

Hooke's first use of the inverse square law alsmed in the context of atmospheric
investigations---in 1665, "much earlier than uspalbted." The context is the idea that the
pressure of the air is the weight of "a Cylinddrdin] indefinitely extended upwards": "l say
Cylinder, not a piece of a cone, because, as letsmyvhere shew in the Explication of Gravity,
that triplicate proportion of the shels of a Sphéoeheir respective diameters, | suppose to be
removed by the decrease of the power of Gravity.'169) In other words, while the base area of
a cone with its vertex at the surface of the eiards the height squared, gravity is as the inverse
height squared, meaning that the weight is equitatethat of a cylinder with constant gravity”
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